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ABSTRACT
To understand the origin of radio emission in radio-quiet AGN and differentiate be-
tween the contributions from star formation, AGN accretion, and jets, we have ob-
served a nearby sample of Seyfert galaxies along with a comparison sample of starburst
galaxies using the EVLA in full-polarization mode in the B-array configuration. The
radio morphologies of the Seyfert galaxies show lobe/bubble-like features or prominent
cores in radio emission whereas the starburst galaxies show radio emission spatially
coincident with the star-forming regions seen in optical images. There is tentative ev-
idence that Seyferts tend to show more polarized structures than starburst galaxies
at the resolution of our observations. We find that unlike a sample of Seyfert galaxies
hosting kilo-parsec scale radio (KSR) emission, starburst galaxies with superwinds do
not show radio-excess compared to the radio-FIR correlation. This suggests that shock
acceleration is not adequate to explain the excess radio emission seen in Seyferts and
hence most likely have a jet-related origin. We also find that the [O III] luminosity of
the Seyferts is correlated with the off-nuclear radio emission from the lobes, whereas
it is not well correlated with the total emission which also includes the core. This
suggests strong jet-medium interaction, which in turn limits the jet/lobe extents in
Seyferts. We find that the power contribution of AGN jet, AGN accretion, and star
formation is more or less comparable in our sample of Seyfert galaxies. We also find
indications of episodic AGN activity in many of our Seyfert galaxies.
Key words: galaxies: Seyfert — galaxies: jets — galaxies: sample — radio continuum:
galaxies — galaxies: active
1 INTRODUCTION
It is known that only a fraction (∼ 10%) of active galaxies
host powerful radio jets which in some cases extend up to
several Mpcs in size (Begelman et al. 1984). The question
of why some active galaxies host powerful jets and others
not, is yet to be settled. While the origin of radio emission
in radio-loud active galactic nuclei (AGN) with the radio-
loudness parameter, R10, (R being defined as the ratio of
the radio flux density at 5 GHz to the optical nuclear flux
density in the B-band; Kellermann et al. 1989) is decidedly
attributed to jets powered by the central engine, this is not
true for radio-quiet AGN. Although many studies have con-
tested this RL/RQ bimodality and have argued in favour of
a continuous distribution (Lacy et al. 2001; Wals et al. 2005;
? E-mail: biny@ncra.tifr.res.in
White et al. 2007; Bonchi et al. 2013), several studies have
suggested mechanisms other than jets to explain the radio
emission seen in radio-quiet AGN. Several possibilities that
can lead to radio emission in radio-quiet AGN that have been
discussed in the literature include star formation-driven su-
perwinds, winds driven by the AGN, the coronal activity of
the accretion disk, or jets which are intrinsically low powered
(see Panessa et al. (2019) and references therein).
Radio synchrotron emission seen in starburst galaxies
owes its origin to supernovae and stellar winds which give
rise to the relativistic electron population. This electron
population combined with the large-scale magnetic fields
that thread the galaxy gives rise to the observed radio syn-
chrotron emission in these systems. This emission is diffuse
and present at the scales of the galaxy and beyond. The po-
larized emission from these radio halos of starburst galaxies
© 2020 The Authors
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often shows X-shaped morphology (Beck 2015; Krause et al.
2020).
Ultrafast outflows observed in X-rays (Tombesi et al.
2010; Pounds 2014) and broad absorption lines in several
quasars (Everett 2007) are thought to be signatures of
AGN driven winds. The supersonic velocities of these ra-
diatively/thermally driven winds result in shock accelera-
tion of particles which in turn leads to synchrotron emission
(Zakamska & Greene 2014; Hwang et al. 2018; Nims et al.
2015). Yet another mechanism proposed for the origin of the
radio emission is the free-free emission mechanism from the
optically thin plasma in the wind (Blustin & Fabian 2009).
The spectral slope of the radio emission is expected to be
α = −0.1 (using Sν ∝ να) in this case. However, in most
of the Seyfert galaxies, we find steeper spectral indices in
the larger scale emission diminishing the importance of this
mechanism. Magnetohydrodynamically launched winds are
an alternative to the radiation-driven winds and have been
proposed to explain outflows observed in the X-ray (Fuku-
mura et al. 2015). It has also been proposed in the literature
that the radio emission is coronal in origin as suggested by
the correlation between the radio and X-ray luminosity ob-
served in these systems (Panessa et al. 2007; Laor & Behar
2008). However, such coronal emission might be confined to
the core region with the kpc-scale radio emission being un-
related to it. More work needs to be done in this context.
Seyfert galaxies are usually classified as radio-quiet in
nature. Yet, when nuclear optical emission is properly ac-
counted for, either by using high-resolution optical imaging
from the Hubble Space Telescope (HST) or by removing
galactic contribution, > 50% of Seyfert galaxies wind up as
“radio-loud” (RL) sources with R > 10 (Ho & Peng 2001;
Kharb et al. 2014b). High angular resolution studies like
those by Ulvestad et al. (1981); Kukula et al. (1995); Thean
et al. (2000, 2001) show compact nuclear structures and
sometimes evidence for multiple components, suggesting the
presence of low-power jets. Moreover, kiloparsec-scale radio
structures (KSR) of extents ∼ 1−10 kpc, have been detected
in a large fraction of them in complete samples (Baum et al.
1993; Colbert et al. 1996b; Gallimore et al. 2006).
However, the debate on the origin of KSRs is yet to
be settled. While studies like Baum et al. (1993) suggested
KSRs are starburst-wind-driven, later studies have favored
an AGN-jet-driven origin (e.g., Colbert et al. 1996b). The
observed misalignment between the KSRs and their host
galaxy minor axes (e.g., Gallimore et al. 2006); the presence
of relic lobe emission around KSRs (e.g., Kharb et al. 2016);
and the presence of parsec-scale radio jets leading into lobes
(e.g., Kharb et al. 2014a), favor an AGN-jet-driven scenario.
Gallimore et al. (2006) suggest that a low-power jet that
starts from the central engine gets disrupted as soon as it
interacts with the dense ISM of these Seyfert galaxies and
loses its stability after which the radio plasma simply follows
the steepest path in pressure gradient, which is along the mi-
nor axis of the host galaxy. This model can also explain the
misalignment of the jet with the large scale lobe alignment,
typically seen in these galaxies (Schmitt et al. 2001).
In this paper, we try to obtain more insights into the
origin, nature, and evolution of the radio emission from
Seyfert galaxies using a comparative study between a sam-
ple of Seyfert galaxies versus that of starburst galaxies. In
the previous papers in this series, we have presented de-
tailed multi-frequency studies of two of the Seyfert galaxies
from our sample, viz., NGC 2639 (Sebastian et al. 2019a)
and NGC 3079 (Sebastian et al. 2019b). Our primary aim
is to try and understand how the linear polarization prop-
erties vary between the population of Seyfert galaxies and
starburst galaxies. Previous studies of starburst galaxies re-
veal magnetic fields that follow the spiral arms of the galaxy
or the minor axis and is generated as a result of the dynamo
process at play in the galaxy (Beck 2015). Hence, in the case
for a purely starburst origin of radio emission, the magnetic
field alignment should be along the galaxy minor axes and
the ordering scales similar to sizes comparable to that of the
galaxy itself. On the other hand, if the radio emission has a
jet origin, the magnetic field orientation need not be along
the disk or the galaxy minor axes, and the magnetic field or-
dering scales can be either in collimated or diffuse outflows.
One would also expect to see systematic differences between
a Seyfert galaxy sample versus a starburst galaxy sample in
terms of fractional polarization and rotation measure fea-
tures.
This paper is organized in the following manner. In Sec-
tion 2, we have described our sample selection criteria after
which we explain the details of our observations and the data
analysis procedures in Section 3. In Section 4 we elucidate
the radio morphology of individual target sources in the con-
text of the existing literature and the polarization properties
for the entire sample. We then discuss the implications of our
results in Section 5. We have assumed H0=73 km s−1Mpc−1,
Ωm = 0.27 and Ωvac = 0.73 in this paper. Spectral index α
is defined such that flux density at frequency ν is Sν ∝ να.
2 THE SAMPLE
We chose a sample of Seyfert galaxies along with a compar-
ison sample of starburst galaxies. The Seyfert galaxies were
chosen from the sample of nearby AGNs from the Center for
Astrophysics (CfA; Huchra & Burg (1992)) and extended
12 µm (Rush et al. 1993) surveys. Our sample was selected
based on the following criteria: (i) all the sources had red-
shifts below 0.017 so that the angular resolutions correspond
to similar physical extents for various sources, (ii) sources
were restricted to declinations above −20◦ for EVLA visi-
bility, and (iii) had total lobe to lobe extents derived from
Gallimore et al. (2006) greater than 20′ to be able to choose
sources which showed reliable KSR emission spanning sev-
eral resolution elements and also to be able to undertake a
detailed analysis of the morphology of these KSRs.
The starburst galaxies were selected from the samples
of Dahlem et al. (1998) and Colbert et al. (1996b). We
chose five of the seven “edge-on” starburst galaxies from
Dahlem et al. (1998) that showed clear radio emission above
and below their galactic disks in arcsecond-scale radio im-
ages. These are NGC 253, NGC 3079, NGC 3628, NGC 4631,
and NGC 46661. Interestingly, three of these, viz., NGC 253,
NGC 3628 and NGC 4666, have been classified as LINERs
1 NGC 4666 and NGC 4594 were finally not observed by the
EVLA because they were low in the scheduling queue. However,
these sources have recently been observed by us at 10 GHz. These
results will be presented in a forthcoming paper.
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Table 1. Observation log and observed parameters.
Source R.A. Dec. Observation Redshift Frequency VLA Array Beam, PA Major axis of on-source r.m.s.
Date (GHz) Configuration (arcsec2, ◦) the beam in kpc time (in min) (in µJy/beam)
Seyfert galaxies
NGC2639 08h43m38.10s +50d12m19.99s 04−Nov−2017 0.0111 5.5 B 1.1×1.0, -5.73 0.24 26.75 8.829
NGC2992 09h45m42.00s −14d19m34.99s 30−Jan−2018 0.0077 5.5 BnA 1.5×0.9, -17.01 0.228 29.1 10.59
NGC3079 10h01m57.79s +55d40m47.00s 16−Feb−2018 0.0037 5.5 BnA 1.1×0.5, -87.08 0.081 28.8 25.57
NGC3516 11h06m47.49s +72d34m07.00s 05−Feb−2018 0.0088 5.5 BnA 1.2×0.5, -73.74 0.208 26.7 13.09
NGC4051 12h03m09.60s +44d31m53.00s 24−Feb−2018 0.0023 5.5 BnA->A 1.7×0.9, -78.42 0.078 25.55 14.36
NGC4235 12h17m09.90s +07d11m29.99s 27−Feb−2018 0.0080 5.5 BnA->A 0.7×0.3, -59.1 0.11 13.8 21.35
NGC4388 12h25m46.70s +12d39m44.00s 31−Jan−2018 0.0084 5.5 B->BnA 2.2×1.5, 39.17 0.248 26.6 45.08
NGC4593 12h39m39.40s −05d20m39.00s 13−Feb−2018 0.0090 5.5 BnA 2.7×0.5, -60.27 0.479 26.7 33.42
NGC5506 14h13m14.90s −03d12m27.00s 27−Feb−2018 0.0062 5.5 BnA->A 1.2×0.6, -58.8 0.147 26.55 134.43
starburst galaxies
NGC1134 02h53m41.29s +13d00m50.99s 03−Nov−2017 0.0121 1.5 B 6.2×4.1, -58.3 1.472 25.55 24.61
NGC253 00h47m33.10s −25d17m18.00s 31−Oct−2017 0.0008 1.5 B 9.6×3.2, -19.36 0.153 29.2 205.06
NGC3044 09h53m40.90s +01d34m46.99s 26−Nov−2017 0.0043 5.5 B 3.9×1.6, -55.67 0.341 29.5 30.076
NGC3628 11h20m17.00s +13d35m23.00s 27−Feb−2018 0.0028 5.5 BnA->A 0.5×0.3, -68.7 0.028 14.25 9.601
NGC4631 12h42m08.00s +32d32m29.00s 12−Jan−2018 0.0020 5.5 B 1.5×1.1, -80.36 0.06 25.55 9.659
NGC7541 23h14m43.90s +04d32m04.00s 25−Sep−2017 0.0090 1.5 B 4.4×3.9, -57.33 0.78 26.65 39.68
UGC903 01h21m47.80s +17d35m33.00s 04−Nov−2017 0.0084 1.5 B 8.3×4.0, 63.79 1.374 24.6 22.2
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and are likely to be hosting AGN nuclei at their cores.
To increase the sample size, we also selected “edge-on”
starburst galaxies from Colbert et al. (1996b), which are
matched with the Seyfert galaxies in terms of their ra-
dio luminosities, axial ratios, and redshifts. This additional
sub-sample includes NGC 1134, NGC 3044, NGC 7541 and
UGC 903. All the nine chosen starburst galaxies have IRAS
60µm luminosities, L60µm 2 × 1043 ergs s−1.
3 OBSERVATIONS AND DATA ANALYSIS
The sample was observed using the EVLA in B-array con-
figuration under the project ID: 17B-074 during 2017-2018.
All the Seyfert galaxies and three of the starburst galaxies
were observed at 5.5 GHz and four of the starburst galax-
ies were observed at 1.4 GHz. From past studies, it is well
known that Seyfert galaxies show radio emission from parsec
to kpc scales whereas most of the radio continuum studies
of starburst galaxies show emission majorly from the large
scales comparable to the galaxy itself. The largest angular
scale that can be measured at C-band using B-array con-
figuration is about 29′′, so any larger spatial scales of emis-
sion will be resolved out in C-band observations. This study
serves as a pilot study to understand the ideal frequencies
and resolution for carrying out a comparative study between
starburst galaxies and Seyfert galaxies. Hence, some of the
starburst galaxies were observed at 1.5 GHz and some at
5.5 GHz.
The details of the observations are provided in Table 1.
3C 138, 3C 286, and 3C 48 were observed to calibrate the flux
densities and polarization angles. Suitable phase calibrators
were also observed to correct for the ionospheric phase er-
rors. OQ 208, and 3C 84 were the unpolarized calibrators
observed to correct for the instrumental leakage from these
antennas.
CASA calibration pipeline for EVLA data was used to
carry out the basic editing and calibration of the ‘Stokes
I’ data after which polarization calibration was carried out
separately. We corrected the cross-hand delays between the
two polarizations. The model of the polarization calibrator
was fed manually using the CASA task ‘SETJY’ as elaborated
in Sebastian et al. (2019b).
After calibrating for the D-terms using the unpolarized
calibrator with the CASA task ‘polcal’, we corrected for the
polarization angle (aka electric vector position angle, EVPA)
with reference to the known polarization angle of the polar-
ized calibrator. Either 3C 138, or 3C 286 was used as the po-
larization angle calibrator for the observations carried out at
5.5 GHz, whereas 3C 48 was used at 1.5 GHz. Since the frac-
tional polarization of 3C 48 is too low (∼0.5% at 1.5 GHz) to
provide reliable solutions, we combined all spectral windows
while determining the cross-hand delays so that these de-
lays are relatively accurate. 3C 48 was also used to calibrate
the polarization angles. However, the polarization angle for
3C 48 can vary by 30
◦
or more at ∼1 GHz, resulting in a
similar uncertainty in the EVPAs of the sources, which in
our sample turned out to be a single galaxy, NGC 253.
The calibrated target source was then extracted out of
the multi-source file using the task ‘SPLIT’ in CASA. A few
loops of imaging followed by phase-only self-calibration of
the target source were carried out before one final round of
amplitude and phase self-calibration. We used the MT-MFS
algorithm while imaging, to correct for errors introduced
due to the varied spectral indices of the sources in the field.
We finally created the Stokes ‘Q’ and ‘U’ images, and the
polarized intensity and polarization angle images from the
former.
We then created polarization intensity images that were
corrected for Ricean bias, polarization angle images, and
fractional polarization images for each of our targets using
the task ‘COMB’ in AIPS. While making the polarization an-
gle images we blanked those pixels which had errors greater
than 10◦. Similarly while making the fractional polarization
images, all the pixels which had errors greater than 10% of
the fractional polarization values were blanked.
For the sources observed at 1.5 GHz, we also carried out
rotation measure (RM) synthesis 2 to account for bandwidth
depolarization. Data were acquired in 10 spectral windows
(spws) for sources observed at 1.5 GHz. Separate full Stokes
images were made at every spws on which RM synthesis
was carried out. The results of our analysis are presented in
Section 4.2.
4 RESULTS
4.1 Radio Morphology
The total intensity images of Seyfert galaxies and starburst
galaxies in our sample are presented in Figures 1 and 2,
respectively. The radio morphologies of all the individual
sources are discussed in the following sub-sections.
4.1.1 NGC2639
Martini et al. (2003) classified NGC 2639 as a grand-design
spiral galaxy hosting a Seyfert 1.9 nucleus. Our EVLA ob-
servations revealed an extra pair of lobes in the north-south
direction which appeared to be highly polarized and mis-
aligned by almost 90◦ from the already identified pair of
lobes (Sebastian et al. 2019a). Our observations favor a sce-
nario where the secondary lobes are generated as a result of
stopping and restarting of AGN activity.
4.1.2 NGC2992
This Seyfert galaxy is a changing-look AGN that varies from
type 2 to intermediate type sometimes accompanied by ex-
treme X-ray activity and back over the span of a few years
(Gilli et al. 2000; Ramos Almeida et al. 2009). By studying
the X-ray variability in NGC 2992, Marinucci et al. (2020)
have shown that the region showing X-ray flaring is as close
as ∼ 15 − 40 rg in two cases and > 50 rg to the supermas-
sive black hole. Allen et al. (1999) found that NGC 2992
shows biconical outflows seen in [O III] and Hα+N[II] on
kilo-parsec scales and Veilleux et al. (2001) argue that this
outflow is powered by the AGN rather than the starburst.
Radio continuum emission shows a bright core and a pair of
lobes with 8-shaped superbubble-like morphology with lin-
ear extents ∼ 500 pc (Wehrle & Morris 1988). Irwin et al.
2 https://github.com/mrbell/pyrmsynth
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Figure 1. Total intensity images of Seyfert galaxies at 5.5 GHz. The contour levels used are 3σ×(-2, -1, 1, 2, 4, 8, 16, 32, ...), where
σ = 8.83, 10.59, 25.57, 13.085 µJy beam−1 for NGC 2639 (top left), NGC 2992 (top right), NGC 3079 (bottom left), NGC 3516 (bottom
right) respectively.
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Figure 1. Continued –Total intensity images of Seyfert galaxies at 5.5 GHz. The contour levels used are 3σ×(-2, -1, 1 2 4 8 16 32 ...),
where σ = 14.36, 21.35, 33.42, 134.43 µJy beam−1 for NGC 4051 (top left), NGC 4235 (top right), NGC 4593 (bottom left), NGC 5506
(bottom right) respectively.
(2017) discovered an additional pair of lobes that are aligned
along the minor axis of the host galaxy. This emission was
disentangled from that of the disk emission using the high
fractional polarization seen in the lobes.
4.1.3 NGC3079
NGC 3079 is another Seyfert galaxy with a type 2 nucleus
(Ve´ron-Cetty & Ve´ron 2006) that shows loop-like radio
lobes. NGC 3079 also hosts a central starburst rendering the
delineation of the role played by starburst or AGN in the ob-
served radio morphology difficult. Our high-resolution image
resolves the “ring”-like lobes into filamentary structures. We
MNRAS 000, 1–23 (2020)
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Figure 1. Continued –Total intensity images of Seyfert galaxies at 5.5 GHz. The contour levels used are 3σ×(-2, -1, 1 2 4 8 16 32 ...),
where σ = 45.08 µJy beam−1 for NGC 4388.
carried out a detailed study of NGC 3079 and we conclude
that the lobe morphology is a result of the central jet, the su-
perwinds, and the galactic magnetic fields (Sebastian et al.
2019b).
4.1.4 NGC3516
NGC 3516 is a Seyfert 1.5 galaxy (Knapen et al. 2002) hosted
by an S0 type galaxy (Perez Garcia et al. 1998a). Hα and
[O III] emission line imaging (Pogge 1989; Miyaji et al. 1992)
have shown elongated features which are aligned with the ra-
dio structures (Wrobel & Heeschen 1988; Miyaji et al. 1992).
Our radio intensity maps also show a bipolar diffuse feature
similar to what is reported in the literature. Our image also
shows a knot close to the nucleus in the northern direction,
which coincides with a knot in the [O III] emission. Although
the northernmost feature appears diffuse, it appears brighter
compared to the region in between. It resembles a hotspot-
like feature often seen in the jets of FR II radio galaxies.
4.1.5 NGC4051
NGC 4051 has a Seyfert 1.2 type nuclei (Ho et al. 1997)
and is hosted by a SAB type galaxy (Dumas et al. 2007).
NGC 4051 has also been classified as a narrow-line Seyfert
1 (NLS1) galaxy in the literature (Denney et al. 2009; Yang
et al. 2013). Christopoulou et al. (1997) using their MER-
LIN images find a triple source aligned at a PA of 73◦. They
also suggest the presence of conical outflows due to the pres-
ence of blueshifted components in the [O III] emission line
profile. We find radio emission which is aligned along the NE
direction similar to that found by Kukula et al. (1995). High
resolution VLA observations of Berton et al. (2018) show the
S-symmetry of the extended emission clearly. Christopoulou
et al. (1997) find that the [OIII ]emission is aligned along
the NE direction coinciding with the emission seen at 8.4
GHz.
4.1.6 NGC4235
NGC 4235 is a nearly edge-on, SAa type galaxy (Perez Gar-
cia et al. 1998b) with a Seyfert type 1 nucleus (Weedman
1978; Jime´nez-Benito et al. 2000) with high [O III] to Hβ
line ratios at the core. NGC 4235 hosts a bright compact X-
ray source (Fabbiano et al. 1992), whereas Rossa & Dettmar
(2003) find a bright nucleus and an extended emission fea-
ture in Hα images. Falco´n-Barroso et al. (2006) and Pogge
(1989) also find extended [O III] emission along the major
axis, whereas no minor axis extension is detected (Colbert
et al. 1996a).
However, the imaging study carried out by Colbert et al.
(1996b) at 6 cm using the C-array configuration of VLA
reveals an extraplanar bubble-like structure which extends
up to 9 kpcs along with the compact core emission. The radio
source appears unresolved in VLBA imaging, while it shows
evidence for variability in flux density in the VLA images
(Anderson & Ulvestad 2005). The imaging study carried out
by Hummel & Saikia (1991) also does not show any extended
emission. The GMRT images at 325 and 610 MHz presented
by Kharb et al. (2016) suggest the presence of relic lobe
emission.
4.1.7 NGC4593
NGC 4593 has a Seyfert type 1 nucleus (George et al. 1998)
hosted by an SBb galaxy (Gonza´lez Delgado et al. 1997).
The radio emission appears point-like in our image as well
as many of the past high angular resolution studies like those
by Ulvestad & Wilson (1984); Thean et al. (2000); Schmitt
et al. (2001). We do not detect the faint double lobes seen
MNRAS 000, 1–23 (2020)
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Figure 2. Total intensity images of starburst galaxies. The contour levels used are 3σ×(-2, -1, 1, 2, 4, 8, 16, 32, ...), where σ =24.61,
205.06, 30.076, 9.60 µJy beam−1 for NGC 1134 at 1.5 GHz (top left), NGC 253 at 1.5 GHz (top right), NGC 3044 at 5.5 GHz (bottom
left), NGC 3628 at 5.5 GHz (bottom right) respectively.
by Gallimore et al. (2006) in their lower resolution images.
It was noted by Gallimore et al. (2006) that this kpc scaled
emission is aligned along the [O III] emission (Schmitt et al.
2003).
4.1.8 NGC4388
NGC 4388 is also a highly inclined galaxy hosting a Seyfert
type 2 nucleus (Phillips & Malin 1982). X-ray studies of
NGC 4388 show the presence of an ample amount of ex-
tended soft X-ray emission, which is generated as a result of
photoionization by the nuclear activity (Iwasawa et al. 2003;
Risaliti et al. 2002; Cappi et al. 2006; Beckmann et al. 2004).
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Figure 2. Continued–Total intensity images of starburst galaxies. The contour levels used are 3σ×(-2, -1, 1, 2, 4, 8, 16, 32, ...), where
σ = 9.66, 39.68, 22.2 µJy beam−1 for NGC 4631 at 5.5 GHz (top left), NGC 7541 at 1.5 GHz (top right), UGC 903 at 1.5 GHz (bottom)
respectively.
Ionized gas studies also show similar extended features, for
instance, Pogge (1988) find a conical shaped ionized region.
NGC 4388 is well studied in radio wavelengths, all of
which show a double source slightly away from the center of
the galaxy (Stone et al. 1988; Hummel & Saikia 1991; Irwin
et al. 2000; Condon et al. 1987).
4.1.9 NGC5506
NGC 5506 is hosted by an irregular edge-on spiral galaxy.
Originally classified as a Seyfert type 2 nucleus (Wilson
et al. 1976), it was later identified by Nagar et al. (2002)
as a narrow-line Seyfert 1. Based on emission-line ratios,
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Maiolino et al. (1994) and Davies et al. (2005) argue that
there is active star formation occurring on 250 − 400 parsec
scales. Maiolino et al. (1994) also found evidence for double-
peaked emission lines which were interpreted as the result
of a biconical outflow. The extended soft X-ray emission as
observed by (Colbert et al. 1998) is aligned in a direction
similar to that the emission-line outflow traced and is also
coincident with the radio emission. The IFU images pro-
duced by the WiFeS instrument on the ANU 2.3 m telescope
also shows biconical outflows in the same direction (Thomas
et al. 2017).
4.1.10 NGC1134
NGC 1134 was classified as a starburst source based on their
radio to FIR flux, the flux at 25 µm to 60 µm, and also due to
the lack of any diffuse extended structures in radio images.
Our image also shows radio continuum emission superposing
the optical emission from the disk.
4.1.11 NGC253
It is a nuclear starburst galaxy, which has star formation ac-
tivity going on in the inner 200 pc radius (Engelbracht et al.
1998). NGC 253 has a bright central point source in radio
coinciding with a faint NIR source (Sams et al. 1994) and a
hard X-ray source (Weaver et al. 2002) and hence many au-
thors classify the source as an LLAGN (Mohan et al. 2002;
Lira et al. 2007). NGC 253 was classified as a LINER galaxy,
although it is suggested that the optical line characteristics
can be explained as a result of starburst (Engelbracht et al.
1998). McCarthy et al. (1987) identified a shocked bubble in
emission-line gas, suggesting outflows. Diffuse X-ray emit-
ting gas studies also present evidence for biconical outflows
in this galaxy (Fo¨rster Schreiber et al. 2004; Dahlem et al.
1998). Carilli et al. (1992) discovered the radio continuum
halo that extended up to 4 kpc in size from the disk.
4.1.12 NGC3044
NGC 3044 is an edge-on galaxy that is classified as an SB (s)
type galaxy (Miller & Veilleux 2003). Narrowband image of
Hα+[N II] shows diffuse emission to both sides of the galaxy
probably arising from an expanding superbubble (Miller &
Veilleux 2003). Collins et al. (2000) find that the Hα and
radio continuum emission possess very similar extents and
structure. The VLA observations at 20 cm by Irwin et al.
(2000) show a loop in the radio continuum to the north-west
of the nucleus which we do not find in our images likely owing
to the steep spectrum of these features.
4.1.13 NGC3628
NGC 3628 is a Sb spiral galaxy which has a starburst nu-
cleus and a prominent dust lane (Liu & Bregman 2005).
NGC 3628 hosts a LINER nuclei and Gonza´lez-Mart´ın et al.
(2006) classify it as an AGN from the spectral fitting of
the X-ray data, whereas Flohic et al. (2006) suggested that
the LINER emission in NGC 3628 is starburst-related rather
than AGN related due to the absence of an X-ray point
source at the center of the galaxy. In our image, we see ra-
dio emission overlapping features in the optical image with
finger-like protrusions at several locations across the disk.
4.1.14 NGC4631
NGC 4631 is an edge-on spiral galaxy with a highly polarized
radio continuum halo with a half-intensity height of about
14 kpc (Ekers & Sancisi 1977). The polarized emission which
is X-shaped is mostly extraplanar and the disk is depolar-
ized. The magnetic field structure of the polarized emission
is directed radially outwards either indicating the role of out-
flowing material or the large-scale galactic dynamo or both
(Golla & Hummel 1994). Our 5.5 GHz observations did not
have the uv-coverage to recover the diffuse extraplanar emis-
sion and the image of NGC 4631 mostly shows the detailed
structure of the radio emission in the disk. Dahlem et al.
(1995) show that the extent of the radio emission is similar
to the diffuse X-ray emission seen in NGC 4631. Strickland
et al. (2004) argue that the absence of a complete spatial
correlation between the X-ray and the radio emission im-
plies that the relativistic electron population, the magnetic
fields, and the hot plasma are decoupled from each other.
4.1.15 NGC7541
NGC 7541 is an SB type nearly edge-on spiral galaxy. Our
radio image at 1.5 GHz shows the spiral arms to the east
very clearly. While we do not detect any continuum halo-like
emission, we detect diffuse radio emission overlapping with
the star-forming disk. Colbert et al. (1996b) detect finger-
like structures protruding from the disk, which is seen in our
images as well.
4.1.16 UGC903
Colbert et al. (1996b) in their radio study of UGC 903 at 5
GHz find that most of the radio emission have their origin
from the disk. They also find that faint finger-like structures
that extend out of the disk.
4.2 Polarization Properties
We detected polarization in four Seyfert galaxies (NGC 2639,
NGC 3079, NGC 4388 and NGC 5506) at 5.5 GHz and one
starburst (NGC 253) at 1.5 GHz. We did not detect polar-
ization in many of our sources, probably due to a variety of
reasons including depolarization, sensitivity limitations, and
inadequacy of short baselines to map the diffuse polarized
emission. Especially at 1.4 GHz, the wavelength dependant
depolarization effects may be playing a significant role.
To recover polarized emission which may have been lost
due to bandwidth depolarization in the process of imaging,
we attempted using rotation measure (RM) synthesis (Bren-
tjens & de Bruyn 2005) for our starburst galaxies observed
at 1.4 GHz. We detected marginal levels of polarization in
NGC 1134, and UGC 903 which were undetected previously.
The mean fractional polarization estimated from regions
that showed polarization signal above three sigma thresh-
old turned out to be in the range ∼ 1 − 4% for NGC 1134,
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Figure 3. Zoomed-in polarization image of NGC 253: Polarization vectors in red overlaid on color image of the polarized intensity and
total intensity contours for NGC 253 with contour levels = 0.48 × ( 1, 2, 4, 8, 16, 32, 64, 128, 256, 512) mJy beam−1. The polarization
intensity and polarization angle images were produced using RM synthesis.
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Figure 4. Polarization vectors with length proportional to fractional polarization in red overlaid on total intensity contours for (left)
NGC 4388 at 5.5 GHz with contour levels = 0.13 × (-2, -1, 1, 2, 4, 8, 16, 32, 64, 128, 256, 512) mJy beam−1, with one arcsec length of the
polarization vector corresponding to 6.8% fractional polarization and (right) NGC 5506 at 5.5 GHz with contour levels = 1.17 × (-0.350,
0.350, 0.700, 1.400, 2.800, 5.600, 11.30, 22.50, 45, 90) mJybeam−1 with one arcsec length of the polarization vector corresponding to 6.7%
fractional polarization.
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Figure 5. The 5 GHz total intensity radio contours superimposed over the in-band rotation measure image of NGC 4388 in color. Contour
levels: 213×(-2, -1, 1, 2, 4, 8, 16, 32, 64, 128, 256, 512) µJy beam−1. The beam shown in the lower left corner is of size 1.3′′ × 1.30′′. The
RM values are in units 1000 rad m−2.
Table 2. Upper limit on fractional polarization
Source Limit on brightest feature (%) Limit on diffuse feature (%)
3× (′Q′rms)(′I ′peak) 3×
(′Q′rms)
(t ypical′I ′)
NGC2992 0.24 8.67
NGC3044 3.46 10.13
NGC3516 0.82 38.77
NGC3628 0.38 3.61
NGC4051 1.7 14.31
NGC4235 0.51 4.73
NGC4593 12.78 –
NGC4631 4.48 25.04
NGC7541 0.31 3.28
UGC903 0.59 3.55
Column 1: Target names. Column 2: the upper limit on the frac-
tional polarization calculated using the peak from the total in-
tensity image. Column 3: the upper limit on the fractional po-
larization calculated using the mean value of typical low surface
brightness diffuse region from the total intensity image. NGC 4593
is a point source and hence column 3 is left blank.
NGC 253 and UGC 903. Because of such low levels of polar-
ization along with the lack of organization in the polarization
angles, the fidelity of the polarized emission recovered using
RM synthesis needs to be confirmed using future observa-
tions. The polarization image of NGC 253 is presented in
Figure 3. The polarization vectors were obtained using the
relation, 12 tan
−1(UQ ). We note that the polarization angle
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Figure 6. The in-band spectral index image of NGC 4388 in
color with 5 GHz radio contours superimposed. Contour levels:
5× 10−4 × (1, 2, 4, 8, 16, 32, 64, 128, 256, 512) Jy beam−1. The circular
beam shown in the lower left corner is of size ∼ 5′′.
calibrator 3C48 used for this dataset is only 0.5% polarised
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at 1.5 GHz 3. Therefore the polarization angles could in prin-
ciple have large errors. In our study, the starburst galaxy
NGC 253 shows polarized emission near the core with typ-
ical mean fractional polarization ∼ 4%. It is worth noting
here that NGC 253 has been suggested to possess a weak
LINER-like AGN in its center.
Therefore, we detect polarized emission in 4/9 (∼44%)
of Seyfert galaxies at 5.5 GHz, 3/4 (75%) of starburst
galaxies observed at 1.4 GHz and 0/3 starburst galaxies
at 5.5 GHz. A direct one-to-one comparison between the
fractional polarization in the starburst galaxies at 1.4 GHz
and Seyfert galaxies is limited because of the difference in
frequencies and resolution. The starburst galaxies might be
facing more bandwidth and beam depolarization with the
additional complication of picking up more diffuse emission.
Despite the lower frequency of observation, the detec-
tion rate is higher for starburst galaxies at 1.4 GHz, which, if
real, would imply that the ordering scales of polarized emis-
sion in starburst galaxies is larger and is preferably picked
up by the lower resolution observations at 1.4 GHz. Such a
situation is expected when the magnetic fields are ordered
due to the large-scale mean-field dynamo mechanism oper-
ating on the scales similar to the structures of the galaxy
itself. On the other hand, the radio emission which owes its
origin to the jets at resolutions higher than the galaxy size
scales is easily explicable. Owing to the small sample size
and the fact that only four starburst galaxies were observed
at 1.4 GHz and three at 5.5 GHz, our results must be treated
as indicative pending additional data.
The upper limits on the fractional polarization of our
sources calculated using the rms noise of the Stokes ’Q’ im-
ages are tabulated in Table 2. The lobes of NGC 2639 and
NGC 3079 show polarization fractions as high as 30% at
5.5 GHz (Sebastian et al. 2019a,b). While it is true that our
observations suggest that Seyfert galaxies are more prob-
able to show polarized emission at the given frequency (∼
5 GHz) and resolution (∼ 1 ′′), this is not a universal trend.
For example, we did not detect polarization in NGC 2992
with an upper limit of 8.7% on the most diffuse feature. Ir-
win et al. (2017) find an average fractional polarization of
6.4% for NGC 2992 observed at C-band using the C and D
arrays. On the other hand, none of the starburst galaxies
have polarization fractions above 25% even in the most dif-
fuse features at either of the frequencies.
Figure 4 shows the polarization images of NGC 4388 and
NGC 5506. The northern lobe of NGC 4388 shows polarized
emission towards the northern edge. There appears to be
two distinct polarized regions, one within the lobes and one
along the north-western edge. The fractional polarization in
the northwestern edge and that within the inner regions of
the lobes turn out to be 24±4.5% and 13±3%. The inner
regions of the northern lobe show electric vectors aligned
perpendicular to the axis implying magnetic field vectors
that are aligned along the jet axis. More interesting is the
alignment of the electric vectors at the north-western edge of
the lobe. The electric field vectors are aligned perpendicular
to the edge, implying tangential magnetic fields.
The high levels of fractional polarization along with the
tangential alignment of magnetic fields and the tightening of
3 https://science.nrao.edu/facilities/vla/docs/manuals/obsguide/modes/pol
contours are expected if shock compression is leading to the
amplification of magnetic fields at the edges. Yet another
interesting morphological detail is the diffuse extension to-
wards the west which is present only after the end of the
highly polarized feature in the north-west. Damas-Segovia
et al. (2016) presented the lower-resolution polarization im-
ages of NGC 4388 from observation carried out using C and
D array configuration at 6.0 GHz. They recover much more
diffuse polarized emission which extends up to 5 kpc. Their
images mostly show poloidal magnetic fields similar to those
seen in the inner regions of the lobes in our image. Figure 5
shows the RM image of NGC 4388 with radio total inten-
sity contours overlaid. The RM values show gradients in
two regions along the north-western edge of the northern
lobe, and even an RM inversion in the region at declination
12◦ 39′ 55′′. Interestingly, such RM gradients have been in-
ferred to suggest the presence of helical magnetic fields (e.g.,
Kharb et al. 2009; Clausen-Brown et al. 2011). Clearly, the
magnetic field structure in the lobes of NGC 4388 is com-
plex.
Figure 6 shows the spectral index image of NGC 4388
generated by dividing the data into into four sub-bands and
using the beginning and end frequency sub-band images. We
have uv-tapered the data to achieve a coarse resolution of ∼
5 ′′ to discern the variation of the spectral index across the
lobes .
We do not find an obvious correlation between the
implied magnetic field compression at the lobe edge in
NGC 4388 and the in-band spectral index values, in that
there is no clear spectral flattening at the lobe edge . Such
spectral flattening has been observed in the lobes of the
Seyfert 1 galaxy Mrk 231 by Ulvestad et al. (1999) and
Seyfert 2 galaxy NGC 3079 by Sebastian et al. (2019b) and
could be consistent with magnetic field compression as well
as re-acceleration of charged particles at the lobe edges,
where the lobes interact with the surrounding medium.
The outflow-like radio emission observed in NGC 5506
is also polarized with a complex morphology for the polar-
ization electric vectors. The inferred magnetic field vectors
appear to follow the outflow. The fractional polarization has
an average value of 7.5% which increases towards the edge
of the outflow. The radio emission does not show clear edges
like those observed in NGC 3079 or NGC 4388. Shock accel-
eration, therefore, might not be the primary source for the
polarized emission in this source.
Amongst several of the studies which explored the ra-
dio continuum emission from Seyfert galaxies, a few involved
understanding their polarization properties. Ho & Ulvestad
(2001) detected polarized emission from 12 out of the 52
sources that they observed. Several other detailed polariza-
tion studies of individual Seyfert sources include Wilson &
Ulvestad (1983); Duric & Seaquist (1988); Crane & van der
Hulst (1992); Kaufman et al. (1996); Elmouttie et al. (1998);
Kharb et al. (2006). Several studies have noted a difference in
the magnetic field structures inside parsec-scale jets of vari-
ous AGN sub-classes like low-energy peaked BL Lacs (LBLs)
and high-energy peaked BL Lacs (HBLs) with LBLs pre-
dominantly showing transverse inferred magnetic fields and
HBLs showing longitudinal inferred magnetic fields, similar
to those observed in quasars (Kharb et al. 2008; Gabuzda
et al. 1992; Cawthorne et al. 1993). We inspected the images
of the Seyfert galaxies published in the literature in con-
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junction with ours. In nearly seven out of ten sources with
well-resolved polarized radio emission, the inferred magnetic
field vectors are aligned with the lobe edges. In four of these
sources the inferred magnetic field is largely poloidal along
the outflow direction, while in most other sources, it is hard
to attribute a uniform trend for the polarization vectors in
the lobe. In the remaining sources, the inferred magnetic
field orientation is neither parallel nor perpendicular to the
outflows.
The CHANG-ES survey (Irwin et al. 2012) has obtained
polarization data on a large number of nearby spiral galax-
ies. Krause et al. (2020) find that the fractional polariza-
tion values observed in spiral galaxies range from 10 to 40%
when imaged at a resolution of 12′′. These high degrees of
polarization are in contrast to the negligible values seen in
our observations at higher resolutions. Krause et al. (2020)
also noted that increased fractional polarization comes from
large-scale diffuse emission from galactic haloes on scales
larger than 1 kpc or several kpcs. We conclude that the frac-
tional polarization is higher in the lobes of Seyfert galaxies
in high-resolution observations compared to starburst galax-
ies, although more polarization data are needed to confirm
this result.
5 DISCUSSION
The radio total intensity contours overlaid on the opti-
cal images are shown in Figures 7. It can be noticed that
the radio continuum emission in starburst galaxies mostly
follows the optical disk star formation regions, whereas
the Seyfert galaxies most often show either lobe-like fea-
tures without any corresponding optical features or nu-
clear core-dominated emission along with emission from the
star-forming disk. The diffuse lobe-like structures in Seyfert
galaxies are very different in morphology from those seen in
both FR I, and FR II radio-galaxies. NGC 2639, NGC 2992,
NGC 3079, NGC 4051, and NGC 4388 show lobe-like struc-
tures with a pinched in morphology near the AGN core. Most
of them appear brighter at the farthest edges and sometimes
show S-shaped symmetry like in the case of NGC 4051 and
NGC 3079. NGC 3516 also shows S-symmetry although, the
morphology appears somewhat intermediate between bul-
bous shaped lobes of a Seyfert galaxy and an FR II type
radio galaxy showing hotspot and lobes.
On the other hand, most cases of galaxies dominated by
star-formation show top open bi-conical outflow like mor-
phology rather than a dome-shaped appearance. For ex-
ample prototypical starburst galaxies like NGC 253 (Heesen
et al. 2011) and M 82 (Adebahr et al. 2013) show bi-conical
radio emission which is spatially aligned and correlated with
X-ray and optical line emission. Such correlated emission
was explained to be a result of the entrainment of the cos-
mic ray electron population from the galactic disk and the
frozen-in magnetic fields along with the outflows which are
traced using X-ray or emission-line gas (Suchkov et al. 1994,
1996; Cecil et al. 2001; Adebahr et al. 2013). Krause et al.
(2020) through a stacking analysis find that the linear polar-
ization in star-forming galaxies is X-shaped in morphology.
This X-shaped morphology has been attributed to an inter-
play of the galactic outflows and the dynamo action of the
host galaxy itself.
An attractive possibility to explain the bulbous-shaped
morphology is to invoke the dynamical influence that the
galaxy may have in the evolution of the Seyfert jets. A simple
hydrodynamical model would favor a frustrated jet model,
according to which the intrinsically low-power jets gets dis-
rupted by the dense ISM percolating these late-type galax-
ies, and expands into the ambient medium along the minor
axis, which offers the least resistance (Gallimore et al. 2006).
However, such a model is rendered insufficient to explain the
closed dome-like morphology, for which the large-scale mag-
netic fields that thread the galaxy was invoked (Sebastian
et al. 2019b; Henriksen 2019), because some of the solutions
of a force-free magnetic field of the galaxy resemble the mor-
phology of NGC 3079.
But even in this case, one would expect alignment
along the minor axis. While this is true for some cases, like
NGC 3079, NGC 4388, etc there are many where this is not
the case, for example, NGC 2639 and NGC 3516. More im-
portantly, Seyfert galaxies like Mrk 6 which show this closed
dome-type morphology in several directions misaligned with
each other (Kharb et al. 2006) pose a problem for the simple
picture of galactic magnetic fields being responsible for the
dome-like structure.
Hence, we conclude that the peculiar dome-type mor-
phology of the radio emission seen in Seyfert galaxies is
linked to the active nuclei itself although the environmen-
tal influences might still be playing a role. The difference
in the alignment itself can be produced as a result of mul-
tiple epochs of activity (Kharb et al. 2006; Sebastian et al.
2019b). In the following subsections, we try to understand
the individual contributions from the AGN accretion, jet,
and the star formation to the kpc-scaled radio emission.
5.1 Correlation between star-formation and radio
emission
The radio-FIR correlation is one of the tightest astrophysical
correlations known (Condon 1992). It is proposed that the
radio emission and the relativistic plasma seen in Seyfert
galaxies arise due to mainly three reasons (i) jet-related,
(ii) winds and the resulting in-situ acceleration of the ther-
mal electrons to relativistic energies at shocks via diffusive
shock acceleration (Blandford & Eichler 1987) and/or (iii)
star-formation-related. Any emission related to either of the
former two reasons should show deviation in the form of a
radio-excess from the radio-FIR correlation. It is however
not clear if the shocks created due to winds like those by
starburst galaxies/ AGN accretion are powerful enough to
generate significant radio emission which is comparable to
that generated by supernovae/ H II regions which result in
the radio-FIR correlation. A simple observational test is to
examine whether a radio excess is seen in starburst galax-
ies which show evidence for superwinds but do not host an
AGN such that there is no contamination from jets.
In figure 8, we have plotted the radio luminosity at
1.4 GHz as a function of the far-infrared luminosity at 60µm.
We have also plotted the black line corresponding to the
radio-FIR correlation as derived by Yun et al. (2001). We
obtained the total radio flux densities from the NVSS im-
ages at 1.4 GHz, and the IR flux densities from the IRAS
catalog (Fullmer & Lonsdale 1989). The dark grey and the
light grey shaded regions represent the 1σ and 3σ devia-
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Figure 7. Radio total intensity emission overlaid in white contours over the optical color composite images. The optical images are
taken from various optical surveys namely, DECaLS, MzLS, SDSS and DSS depending on the availability of data in these surveys. We
have used only the DSS r-band image to make the overlays of NGC 253, NGC 1134 and NGC 2992 due to the poor quality of the color
composite image.
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Figure 7. Continued–Radio total intensity emission overlaid in white contours over the optical color composite images.
tions from the radio-FIR correlation respectively (Yun et al.
2001). The dots represent the Seyfert galaxies, whereas the
stars represent starburst galaxies. We increased the sam-
ple size of Seyfert galaxies by including more sources that
showed radio flux densities above 10.0 mJy in NVSS from
the sample presented in Gallimore et al. (2006). The red and
black dots represent Seyfert galaxies that host KSR and that
without much evidence for KSR respectively.
The starburst galaxies chosen from the Colbert et al.
(1996b) represented by blue stars were chosen such that
it matches the radio-luminosity of Seyfert galaxies in our
sample. The three starburst galaxies from Dahlem et al.
(1998) showed diffuse X-ray emission which was interpreted
as evidence for superwinds. To increase the sample size
of superwind-hosting starburst galaxies, we further chose
four more superwind hosting galaxies from Heckman et al.
(1990), which did not show any evidence for an AGN at its
core, namely M 82, NGC 4194, NGC 1222 and NGC 1614.
The purple and green stars represent the starburst galaxies
hosting superwinds taken from both Heckman et al. (1990)
and Dahlem et al. (1998). However, the purple stars are the
galaxies from Dahlem et al. (1998) which showed LINER
nuclei, although the origin of this LINER emission is not
indisputably AGN related (see Section 4.1.11 and 4.1.13).
Moreover, they follow the radio-FIR correlation within 1σ
error bar.
It is evident from figure 8 that most Seyfert galaxies
with KSR show excess radio emission in comparison to the
radio-FIR correlation, with 13/17 Seyfert galaxies having ra-
dio flux densities above the 3σ limits. However, most of the
Seyfert galaxies without any KSR are consistent with the
radio-FIR correlation. This was previously noted by Gal-
limore et al. (2006) as well.The starburst galaxies with su-
perwinds are consistent with the radio-FIR correlation and
often lies below the correlation. Hence, it is clear that shocks
generated due to the supersonic velocities of the winds typ-
ically seen in these systems are not powerful enough to cre-
ate radio emission comparable with that related to star-
formation itself. Hence, any excess radio emission seen in
Seyfert galaxies can be conclusively attributed to the jets
or magnetically launched winds by an AGN present rather
than radiatively/thermally driven winds that leads to radio
emission via shock acceleration.
5.2 Investigating the correlation of radio emission
with NLR properties
The correlation between the narrow line region and radio
emission in Seyfert galaxies, in particular, that between the
[O III] line luminosity, its FWHM, and the radio luminos-
ity has been known for a while (de Bruyn & Wilson 1978;
Heckman et al. 1981; Whittle 1985; Xu et al. 1999). These
emission-line regions were found to be spatially aligned with
the extended radio emission and sometimes surrounding the
radio emission (Haniff et al. 1988; Capetti et al. 1996; Falcke
et al. 1998). Extended emission-line regions were also found
extending up to tens of kpcs were found to be spatially as-
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Figure 8. Plot of FIR luminosity at 60 µm vs the 1.4 GHz lumi-
nosity in W Hz−1. The black line shows the radio-FIR correlation
whereas the region shaded using dark grey and light grey repre-
sents the 1σ and 3σ boundary limits of the radio-FIR correlation
from Yun et al. (2001).
sociated with large scale radio emission in radio galaxies as
well (Fosbury 1986; Baum & Heckman 1989). Moreover, such
extended emission-line regions are more frequently found in
steep spectrum sources rather than flat-spectrum sources.
Leipski et al. (2006) found that the size of the radio sources
in radio-quiet quasars correlates well with the size of the
NLR. All these pieces of evidence are suggestive of a sce-
nario where the material in the NLR is ionized as a result of
shocks generated by the relativistic radio plasma interacting
with the gas around it.
Several other studies preceded by Veilleux (1991a,b)
also revealed a correlation between the narrow line region
kinematics and the radio luminosity. In a recent study, Za-
kamska & Greene (2014) found that the [O III] line-width
containing 90% of the emission line flux correlates well with
the radio luminosity in these systems. The radio emission
was interpreted to be a result of the shock acceleration that
happens due to the supersonic velocities of the outflows
driven by the accretion in these systems rather than a jet.
Seyfert galaxies, which are also mostly radio-quiet in
nature, prove to be ideal candidates that can be studied in
detail to test both these scenarios, namely the jet origin of
the radio emission which then shock ionizes the medium or
the radiation pressure -driven wind origin which is respon-
sible for both the radio emission via shocks and the NLR
emission which constitutes the photo-ionized wind.
In this paper, we study how the radio luminosity in our
sample of Seyfert sources correlate with the [O III] line lu-
minosity. We obtained the [O III] line luminosities of our
Seyfert galaxies from the compilation presented in Malkan
et al. (2017). We also obtained the Hα and Hβ line lumi-
nosities from Malkan et al. (2017) to correct the [O III] line
luminosities for extinction following Bassani et al. (1999)
and assuming a Balmer decrement of 3.0 (Osterbrock & Fer-
land 2006). Figure 9 shows the plot of [O III] line luminosity
plotted against the integrated radio luminosity (νLν) at 5.5
GHz including the extended lobes, bright core and galaxy
emission in the left panel, whereas in the right panel we
have plotted the radio luminosity exclusively coming from
the extended radio lobes. We defined regions to avoid the
central unresolved core and any emission which is related to
the host galaxy disk. In NGC 4593, we do not detect any
extended emission and hence we did not include this source
in the plot shown in the right panel. We avoided the ra-
dio emission from the galactic disk in the NGC 3079, and
NGC 4388 while estimating the lobe luminosity.
Interestingly, we do not find a statistically significant
correlation between radio luminosity (νLν) and [O III] lumi-
nosity (L[O III]) when we use the integrated source radio lu-
minosity. The Spearman’s rank correlation coefficient is 0.3
with a two-tailed p-value of 0.43. On the other hand, when
we use only the extended radio emission and avoid the core
contamination, we find that there is a significant correla-
tion between νLν and L[O III]. The corresponding Spearman’s
rank correlation coefficient is 0.79 and the two-tailed p-value
turns out to be 0.021. We used the least-square fitting to de-
termine the slope of the relation between the extended radio
emission and the line luminosity and the relation between
the νLν and L[O III] is quoted in Figure 9.
It must be noted that there are several uncertainties
in the extended flux density estimation. Our observations
were carried out using the VLA B-array configuration as a
result of which we might be missing flux from very diffuse
structures. Also, the contamination from the star-formation
related radio emission can not be completely accounted for,
although efforts to avoid radio emission from location coin-
ciding with the disk were taken. Despite these caveats, there
appears to be a strong correlation between the radio lumi-
nosities from lobe-like features and the L[O III].
It was previously noted by Rawlings et al. (1989) and
Baum & Heckman (1989) that there is a correlation between
178 MHz radio luminosity (dominated by extended radio
emission) and the line luminosity whereas there is not much
evidence for an intrinsic correlation between 5 GHz radio
emission (often core dominated) and the NLR emission.
The [O III] line being a forbidden line can only be found
in the low-density regions like the NLR. Hence, the radio
emission coming very close to the core, will not lead to [O III]
line emission and could be a plausible reason for the lack of
correlation, when we take the core flux densities into ac-
count. However, the correlation of the [O III] emission with
the radio emission is suggestive of a common origin as was
suggested by previous papers as well.
To further investigate the origin of the extended radio
emission itself, we created overlays of the radio total inten-
sity emission over the HST narrow-band images of [O III]
emission for NGC 4388 and NGC 3516 (see Figure 10). These
were the only two Seyfert galaxies in our sample which
showed extended radio emission and also had HST [O III]
narrow-band images. There appears to be a spatial overlap
in the radio emission and the [O III] emission in both these
objects. The underlying [O III] emission is rather filamen-
tary in nature in both these systems. The [O III] emission is
only seen towards the south of the core in NGC 4388 prob-
ably due to greater dust extinction towards the north. It is
interesting to note that the [O III] emission has a conical
morphology aligned along the minor axis, which can be eas-
MNRAS 000, 1–23 (2020)
18 Sebastian et al.
Table 3. Kinetic energy injection rates due to jets, AGN radia-
tion and SFR
Source S jet dE/dttot f jet fAGN fSFR
(mJy) (erg s−1)
NGC2639 44.53 43.36 0.906 0.001 0.094
NGC2992 12.48 43.21 0.251 0.583 0.166
NGC3079 151.8 43.12 0.704 0.007 0.289
NGC3516 2.88 42.7 0.31 0.544 0.147
NGC4051 2.31 41.79 0.24 0.242 0.518
NGC4235 5.49 42.56 0.611 0.353 0.036
NGC4388 4.47 42.99 0.206 0.331 0.463
NGC4593 2.12 42.89 0.161 0.644 0.195
NGC5506 125.05 44.09 0.15 0.836 0.014
Column 1: The target source. Column 2: The core flux density.
Column 3: The total mechanical energy injection rates from the
three mechanisms. Columns 4,5,6: Fractional contribution to the
total injection rates from the jet, AGN accretion and star forma-
tion respectively.
ily explained to be due to either wind shock-ionization or
photoionization by the accretion disk emission.
On the other hand, NGC 3516 is another example where
the [O III] emission and the radio emission are aligned al-
most along the major axis. Moreover, both the [O III] and
radio emission posses an S-shaped symmetry rather than a
biconical shape. Such symmetry can be introduced if a pre-
cessing jet leads to the [O III] emission rather than a conical
outflow and can not be explained using simple photoioniza-
tion by the central engine.
Falcke et al. (1998) studied a sample of seven Seyfert
2 galaxies using VLA radio images and HST narrow-band
images. Majority of them show a spatial overlap between
the emission line gas and the off-nuclear radio emission.
More interestingly, four of their sources show evidence for
an S-shaped symmetry in their emission line images. Clearly
defined ionization cones are seen only in NGC 4388 and
MrK 573 although the morphology of Mrk 573 in their im-
ages resembles the bulbous kpc-scaled radio emission in
these Seyfert galaxies.
Also, in the previous section, we have argued from the
study of radio-FIR correlation in these systems that the
strengths of the shocks generated at galaxy-wide scales is
inadequate to generate the amount of radio emission seen
in these systems via shock acceleration. This along with the
S-shaped symmetry seen in the emission-line images for sev-
eral of these galaxies strongly suggest that jet-driven shocks
are a major contributor, or are driving the photo-ionized
outflows at least in some of these sources, if not all.
5.3 Relative energy input from various
mechanisms
In this section, we compare the relative contribution of each
of the sources of energy namely AGN bolometric luminosity,
star formation, and the jet.
5.3.1 Jet power
Several studies like Bˆırzan et al. (2004) and Cavagnolo et al.
(2010) derive empirical relations between the jet power and
the radio luminosities by estimating the mechanical work
done by the radio jets in inflating the X-ray cavities. These
studies which use the total flux density of the radio features,
mostly utilize lower frequency (ν ≤ 1.4 GHz) data. It was
noted by Bˆırzan et al. (2008) that the scatter for the relation
derived using flux densities at lower radio frequency, namely,
327 MHz was lower compared to 1.4 GHz. Our observations
were carried out using the VLA at 5 GHz in the B-array con-
figuration, which is not the ideal setup to measure the total
extended emission from lobes of the radio sources due to the
complications like steep spectrum lobes and missing flux due
to inadequate short baselines. Merloni & Heinz (2007) de-
rive a similar relation between 5 GHz radio luminosity and
jet power, however only using the nuclear radio luminosities
rather than the integrated radio emission. We rely on the
following equation from Merloni & Heinz (2007) to estimate
the jet power.
log(Pkin) = (0.81 ± 0.11) log(L5GHz) + 11.9+4.1−4.4 (1)
We estimated the core flux densities from our EVLA
images at 5.5 GHz by fitting a Gaussian model with an
underlying constant background to the core in the Seyfert
galaxies. We used task ‘JMFIT’ in AIPS to do the fitting
and the peak value is listed in the Table 3.
5.3.2 Kinetic energy from AGN bolometric radiation
We assume that a fraction (∼5%) of the total AGN bolo-
metric luminosity gets injected into the galaxy as kinetic
energy (Di Matteo et al. 2005; Nesvadba et al. 2017). We
derive the bolometric luminosities using hard X-ray (2-10
kev) luminosities taken from Malkan et al. (2017). Duras
et al. (2020) computed a universal bolometric correction, KX
for a sample of both type-1 and type-2 AGN as a function
of both X-ray luminosity and bolometric luminosity. They
show that while KX remains nearly unchanged for sources
with log(Lbol/L) < 11, it starts to increase beyond it.
We used KX= a(1+(
log(Lx/L)
b )c ) to obtain the bolometric
AGN luminosities for our sources, where a=15.33, b=11.48
and c=16.20.
5.3.3 Energy injection rate due to star formation
Star formation accompanied by supernovae and stellar winds
leads to the effective thermalization of the kinetic energy,
which in turn leads to the formation of hot bubbles filled
with tenuous plasma. This hot bubble expands into the
lower pressure medium giving rise to a galaxy-wide outflow
(Veilleux et al. 2005). For kinetic energy injected per solar
mass of stars formed equal to 1.8 ×1049 ergs M−1 , 40% is
carried away by the winds and the rest is assumed to be
radiated away (Dalla Vecchia & Schaye 2008). Hence a total
of 0.72 ×1049× SFR ergs s −1 is the net mechanical injec-
tion rate into the galaxy via star formation. Here, SFR is
the star formation rate in M s−1. To estimate the SFR, we
used IRAS 60 µm and 100 µm fluxes from the IRAS catalog
of galaxies and QSOs observed. We calculated SFR as 4.5 ×
10−44 LFIR (Kennicutt 1998), where LFIR=4piD2×FIR×L,
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Figure 9. Left: [O III] line luminosity versus the integrated radio luminosity at 5.5 GHz. Right: [O III] line luminosity versus the radio
lobe luminosity at 5.5 GHz.
Figure 10. Overlay of radio continuum intensity contours in cyan on [O III] emission line images of NGC 4388 (Left) NGC 3516 (Right)
where FIR = 1.26(2.58f60+f100)×10−14, L=3.8×1033 ergs
s−1 and the unit of f60 and f100 is W m−2 (Helou et al.
1988).
In figure 11, we have compared the energy injection
rates from all the three mechanisms discussed above. The
top-left panel shows that the energy injection rate from the
AGN bolometric luminosity and the jet is comparable in
this sample. Almost half of the sources in our sample are
distributed above and below the identity line. It can also be
noted that there is no correlation between the jet emission
and the AGN bolometric luminosity. Several studies inves-
tigating the relationship between the jet and the accretion
disk emission have shown the existence of the “fundamen-
tal plane (FP) of black hole activity” (Merloni et al. 2003).
This is the correlation between the 5 GHz radio luminosity
representing the jet and the BH mass scaled X-ray lumi-
nosity representing the emission related to the accretion on
the central black hole. Given, that our sources do not show
a one-to-one correlation between the jet and the accretion,
we test whether our sources follow the “fundamental plane
of BH activity”. We have plotted the fundamental plane for
our sources in the top right panel of Figure 11. The grey-
shaded region represents the 1σ error in the original relation.
While all our sources follow this relation within the errors,
the Spearman’s rank correlation coefficient between the X
and Y coordinates for our sources is 0.27 with a p-value of
0.49, suggesting no correlation. We note that our sample size
is small, and therefore this study needs to be pursued with
a larger sample. We also note however that the FP may in-
trinsically be flawed when it comes to jetted AGN (see for
example, Zhang et al. 2018).
We also note that the trends seen in the top left panel of
Figure 11 and the left panel of Figure 9 are similar to some
extent. Both [O III] and hard X-ray emission are used as
proxies for the bolometric luminosities and hence the coinci-
dence. Saikia et al. (2018) studied the fundamental plane of
black hole activity for a sample of LLAGN using radio lumi-
nosities derived using VLA A-array observations at 15 GHz.
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Figure 11. Top left: jet power versus AGN energy input rate from bolometric luminosities for the Seyfert sample. The identity line is
indicated. Top right: The Seyfert sample in the fundamental plane of BH activity, along with its well-known scatter from observations
in the literature in grey. Bottom left: AGN energy input rate from bolometric luminosities versus energy input from SFR. Bottom right:
Energy injected from SFR versus the difference in AGN and jet power.
Interestingly, they study the correlation between both X-ray
and [OIII] luminosities which are used as a proxy for the ac-
cretion rates and the core radio luminosity. They find that
in both cases the radio luminosity correlates better with the
BH mass scaled accretion rates rather than these quantities
on their own. However, such a correlation would imply that
the extended radio emission in Seyfert galaxies is correlated
with the accretion rates in these systems. In radio jets, the
jet power seems to be correlated with a combination of black
hole mass and accretion rate.
The plot of the energy injection rate from the star for-
mation rate vs that from the bolometric luminosity of the
AGN is plotted in the bottom-left panel of Figure 11. Here
as well, there are about the same number of sources above
and below the identity line. It is also obvious from the plot
that the star formation rate does not depend on the AGN
bolometric luminosities (Spearman’s rank correlation coeffi-
cient is 0.083 with a p-value of 0.83). Hence, in our sample of
sources, we do not see any evidence for AGN feedback. The
bottom-right panel shows the jet power scaled by the AGN
bolometric luminosity vs the energy injected due to star-
formation. We see that all three processes inject comparable
energies into the medium, except for two sources where the
jet power dominates the other sources.
5.4 Episodic Jet Activity
The radio morphology of the Seyfert galaxy NGC 4388 in our
EVLA data suggests at least two episodes of activity. Sim-
ilarly, the polarized image of NGC 2639 suggested episodic
activity as well (Sebastian et al. 2019a). Multiple activity
episodes are suggested for NGC 5506 based on the different
lobe position angles (PAs) in our data and those of Gal-
limore et al. (2006). Secondary lobes have been detected in
polarized emission in the Seyfert galaxy NGC 2992 by Irwin
et al. (2017). There also appears to be a sharp change in
the jet PA of NGC 3516 in our data; the inner lobe itself
shows an S-shaped morphology which is followed closely by
the [O III] gas. The GMRT images at 325 and 610 MHz of
the Seyfert galaxy NGC 4235 by Kharb et al. (2016) sug-
gest the presence of relic lobe emission. Therefore overall,
the majority of our sample Seyfert galaxies show indications
of episodic AGN activity.
We checked the spectral index images generated as a
by-product of MS-MFS imaging in CASA for NGC 4388,
NGC 3516, and NGC 2992. We find that in both NGC 4388
and NGC 3516, the outer lobes show steeper spectral indices
compared to the inner lobes. Using the sub-band data, we
have created a poorer-resolution (∼ 5′′) two-point spectral
index image of NGC 4388 (see Figure 6). While the image
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naturally appears noisy owing to the narrow range of fre-
quencies used, the steepness of the outer lobe to the north,
is clearly visible. Such a steep spectrum in the outer lobes is
consistent with the presence of an older population of plasma
in the outer lobes. On the other hand, in NGC 2992, the
outer lobe towards the north shows a flatter spectral index
compared to the inner ones. The emission in the outer lobes
is not very prominent and hence the result needs to be cross-
checked with newer observations. We see a similar trend
in the spectral index image of NGC 2992 produced by the
CHANG-ES survey (Irwin et al. 2012), although the resolu-
tion of the images is relatively poor to make strong claims.
However, if real, this may mean that some re-acceleration
process is at play in the outer lobes.
From the lifetime estimates of Seyfert jets and the min-
imum statistical lifetime of Seyfert activity in a particular
galaxy, Sanders (1984) have argued that there might be as
many as 100 episodes of AGN activity in Seyfert galaxies,
with each episode lasting less than 106 years. These might be
induced by several minor mergers leading to the formation
of a new accretion disk each time, with an orientation depen-
dent on the mass inflow direction. This would in turn result
in multiple radio outflows, misaligned with each other. Our
present study is consistent with these suggestions of short-
lived episodic activity in Seyfert galaxies.
6 CONCLUSIONS AND SUMMARY
We have presented a polarization-sensitive EVLA study of
nine Seyfert galaxies along with a comparison sample of
seven starburst galaxies at 1.5 and 5.5 GHz. We summarise
the main results below.
(i) Bubble-like or lobe-like radio emission is observed only
in the Seyfert galaxies whereas the radio emission is more
spread out over the galactic disks in starburst galaxies with-
out an AGN.
(ii) Polarization is detected in four Seyfert galaxies (44%
of the sample) and one starburst galaxy using regular imag-
ing and two more using RM synthesis. A comparison of the
polarization properties of our Seyfert galaxies in conjunc-
tion with those in the literature indicates parallel inferred
magnetic fields at the lobe/bubble edges and mostly longi-
tudinal fields inside the jets/lobes of the Seyfert galaxies,
although signatures of RM gradients in some sources like
NGC 2639, NGC 3079 and NGC 4388, point towards more
complex magnetic field structures. While there appear to be
differences in the fractional polarization of Seyfert galaxies
and starburst galaxies (with higher values in the higher res-
olution images for Seyfert galaxies), more data are needed
to confirm this. We conclude that polarization can indeed
be used as a tool to distinguish between the AGN jet/lobe
emission from that related to star-formation.
(iii) Lack of excess radio emission in superwind hosting
starburst galaxies compared to the radio-FIR correlation
rules out the shock origin (from supersonic winds) of the ex-
cess radio emission seen in Seyfert galaxies. While the origin
of the synchrotron emission itself may not be dominated by
stellar-related processes, the comparable mechanical power
output from AGN accretion, jets, and star formation, sug-
gests that they all might be playing some role in the long
term evolution of the radio emission.
(iv) The correlation between the extended radio lobes and
the [O III] line emission suggests a connection between the
radio emission and the emission lines. We favor the jet-NLR
interaction scenario based on the S-shaped symmetry ob-
served both in radio continuum and emission lines, in a few
Seyfert galaxies. Jets in Seyfert galaxies appear to be stunted
due to a close interplay between the jet and surrounding me-
dia.
(v) Several Seyfert galaxies in our sample show evidence
for episodic AGN activity. This is supported by our in-band
spectral index images, as well as other observations of the
sample objects in the literature. The jet activity in Seyfert
galaxies is intermittent, consistent with similar conclusions
in the literature.
7 DATA AVAILABILITY
The data underlying this article will be shared on reasonable
request to the corresponding author.
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